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Preliminary studies of a computer model of the cardiorespiratory system and actual measurement of mechanical-ventilator output variables were used to formulate tentative conclusions and recommendations for future studies. In the computer simulation, we derived a series of equations to represent the effect of altitude on predicted arterial oxygen partial pressures (P0 2 ). For three ventilatory devices (BEAR 1, BIRD MARK 7, MA-l), we measured ventilator output variables at simulated altitudes of 0 to 40,000 ft (12,000 m) in a hypobaric chamber. All three ventilators performed adequately at a simulated altitude of 8,000 ft (2400 m). Iso-shunt curves predict that in a fixed shunt range of 30% to 60%, the transition from ground to 8,000 ft would result in only a moderate effect on P0 2 . However, the transition could' result in significantly reduced P0 2 's at 8,000 ft if the original venous admixture had a large, nonfixed component. Iso-shunt curves predict dangerously low arterial P02's at 35,000 to 40,000 ft for all patients, even if ventilatory devices continue to adequately Concern that such environmental situations will exhaust already strained machine and physiological reserves, with potential damage to transported patients, has prompted this evaluation of the effects of altitude on the mechanical performance of ventilators and the functioning of already damaged physiological gas-exchange systems. ...
This report presents an initial evaluation of known and potential problems of using mechanical ventilator systems with ARDA patients in high-altitude environments.
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a ADULT RESPIRATORY DISTRESS SYNDROME ARDS has been a well-recognized clinical entity since the late 1960s.
Several recent reviews and textbooks outline current understanding of its etiology, pathophysiology, physiology, clinical course, and treatment (1) (2) (3) (4) . ARDS may be defined as a diffuse lung injury resulting in noncardiac (normal pulmonary capillary pressure) pulmonary edema and acute respiratory failure.
The clinical physiology of severe ARDS is characterized by three phenomena:
1) arterial hypoxemia secondary to ventilation-perfusion mismatch and intrapulmonary shunting, often with a calculated shunt fraction greater than 50%; 2) an increase in physiologic deadspace, with deadspace to tidal volume ratios up to and sometimes exceeding 0.5; and 3) decreased pulmonary compliance, as low as 20 ml/cm H 2 0 in severe cases (2) .
There is no specific treatment for ARDS (2, 4) . The clinical management is directed towards maintaining adequate tissue oxygenation through respiratory and circulatory support until the primary injury is sufficiently healed. 
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With regard to the transient exposure (at most several hours) of ARDS patients to high altitudes, two atmospheric variables assume importance. The first is barometric pressure, which decreases as altitude increases, as shown in Table 1 . The concentration of oxygen remains relatively constant as altitude increases, so the decrease in barometric pressure results in a corresponding and proportional decrease in the partial pressure of oxygen.
Second (also seen in Table 1 ), the environmental temperature decreases with increasing altitude. The low temperatures that would exist in a depressurized aircraft at 40,000 ft might assume significance for patients and ventilators. From the above considerations, we might anticipate two major problems relative to high-altitude exposure of an ARDS patient supported by a mechanical ventilator. First, at any given inspired oxygen concentration, the partial pressure of inspired oxygen would decrease as altitude increased.
This should result in worsened oxygen transport because the partial pressure of oxygen in the alveoli is the important factor in oxygen transport across the lung. Second, if the performance of the mechanical ventilator system should suffer a decrement at higher altitudes, the tidal volume delivered to the patient's lung mijht decrease. This could result in further alveolar collapse and decreased gas exchange.
To explore the effects of decreasing inspired oxygen tension on gas exchange, we generated the graphs in Figures 1-4 . These figures present iso-shunt lines relating arterial oxygen tension and saturation of arterial hemoglobin to altitudes up to 40,000 ft. They are intended to demonstrate the consequences of taking a patient-ventilator system to different altitudes without changing the fraction inspired oxygen supplied. In generating the graphs, we assumed that delivered tidal volume, fraction inspired oxygen (FI0 2 ), cardiac output, and rate of oxygen consumption remained constant on going to higher altitudes. In addition, the Iso-shunt lines assume fixed venous admixture (i.e. anatomic shunt) and steady-state conditions. The FIO 2 values are consistent with values that ARDS patients undergoing transport might receive.
In relating to patients with ARDS, the iso-shunt lines of 30% to 60% are of interest (2). In going from sea level to 8,000 ft, both arterial oxygen tension and saturation decrease but perhaps not in clinically significant amounts. However, as altitudes of 30,000 to 40,000 ft are reached, the decrease in arterial oxygenation assumes significant proportions, even with FlOI 2 's of 1.0.
In a situation where arterial hypoxemia is secondary to ventilationperfusion mismatch, the calculated venous admixture generally decreases as the We found only one study (9) that systematically evaluated a ventilator system on a test lung and on animals at high altitudes. In that study a Bird Mark VIII was used to ventilate normal dogs at altitudes up to 34,000 ft. Despite a significant decrease in the ventilation rate as altitude increased, adequate gas exchange was achieved in the animals. In lung-injured patients, however, such results with regard to oxygen exchange might not be achieved (as previously noted from reference to the iso-shunt diagrams).
Of the various methods used to effect ventilation in ARDS patients, the most used today is that of creating a positive intrapulmonary pressure in the presence of atmospheric extrathoracic pressures (2, 4, 11) . Many commercial ventilators that use this principle are available (11, 12) , also standards and methods for evaluating their mechanical functioning in a sea-level environment For these tests, the ventilators were set up at sea level, to deliver a tidal volume of approximately 1 L. With ventilator settings unchanged, the chamber was taken to successively higher altitudes, pausing at 8, 20, 30, and 40 thousand ft for measurements. This was intended to mimic a ventilatorpatient system which is set up at one altitude and transits unattended to another. We chose a compliance of 20 cc/cm H 2 0 and normal resistance to rp'> sent ARDS patients.
The results of four representative studies are presented in Tables 2-4.   Table 2 presents results for the MA-I. This ventilator delivers gas from an internal bellows that fills to a volume of 2 L prior to beginning inspiration and empties to a preset volume to terminate inspiration. An electric compressor pump provides a source of compressed air used to empty the bellows.
As seen in Table 2 with flows recorded with the gas at pressures from ambient to ambient-pluspeak-pulmonary, are higher than those from the pressure-compliance calculations where the tidal volumes are obtained at ambient-plus-peakpulmonary pressure and thus with the gas in a more compressed state. Tidal volume delivered between 35,000 and 40,000 ft declines abruptly, probably due to an inability of the gas compressor system to generate the required pressures above 35,000 ft. In a bellows-lung system with the bellows loaded with gas at ambient pressure, the extent to which the gas is compressed after the bellows empties to the lung increases as the ambient gas pressure decreases. Because of this, it is difficult to judge whether the decrement in tidal volume observed with the MA-i up to 35,000 ft is the result of compression (and therefore to be expected on physical grounds) or of poor compressor performance or other mechanical failure. In an attempt to evaluate this, we developed an abstract piston ventilator model (Appendix) that allowed calculation of delivered tidal volumes in an unattended ventilator going to altitude. Figure 6 presents results with the variables set to mimic the MA-i--Vent-Aid system, and This appears to be the case with the Bird 7. However, on both trials the cycle rate decreased. Our finding is similar to that of Kirby et al.
) with the Bird Mark 8. As described in that paper, the rate decrease is likely secondary to the effects of decreased gas density on the rate-setting mechanism. This was a preliminary study of the performance of ventilator-lung systems at altitudes, so only tentative conclusions will be drawn and will be such as to point to further research.
First, all three ventilators tested performed adequately at 8,000 ft. In addition, the iso-shunt curves indicate that with shunts in the range of 30% to 60%, transition to 8,000 ft would have a slight effect on arterial PO 2 's. However, if the original venous admixture had a large non-fixed component and if the prediction in Figure 5 is valid, this transition might result in significantly reduced arterial PO 2 s.
Second, as predicted from the iso-shunt curves, patients with large .
shunts might be expected to have dangerously low arterial PO 2 's at 35,000 to 40,000 ft even if the supporting ventilators adequately maintain delivered tidal volume and the FIO 2 is 1.0. The two volume-cycled ventilators had significant decreases in tidal volumes at these altitudes. In ARDS patients, this could result in alveolar collapse and further decreased arterial P02's which might persist for a period after lower altitudes are attained.
Third, in evaluating the performance of individual ventilators at altitude, some attempt should be made to estimate what effects decreasing gas density and pressure should have. These would set the limit for the minimal changes to be expected. Such an estimate will require a model of how the particular ventilator functions in a complete system so that the predicted changes can be calculated.
Finally, some consideration should be given to the ability of ventilators to function at the low temperatures expected at altitudes of 35,000 to 40,000 ft.
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constant volume, so the ventilator will be defined to consist of the ventilator piston and the conducting tubing. Functionally, the ventilatory cycle has two states and two transitions. In state #1, the ventilator has filled to maximum (Vvl> at a pressure equal to Pamb and the lung has emptied to its functional residual capacity (Vlungl) at a pressure also equal to Pamb.
In state #2, the ventilator has emptied to Vv2 and the lung has filled to Vlung2. In state #2, pressures in the lung, tubing, and ventilator piston are equal. The transition from state #1 to state #2 is inspiration, and from #2
to #1 is expiration. Vv2 may be greater than the volume of the tubing, so the ventilator piston may contain residual gas at end of inspiration.
Since this model is being used to predict values for an artificial lung, no water vapor will be assumed to be added by the lung; and the lung, ventilator, and ambient temperatures will be the same. Assuming the system is gas tight during transition from state #1 to state #2, conservation of mass holds:
Msl -Ms2 A-6
Mvl + Mlungl -Mv2 + Mlung2 A-6a
By substituting eq. A-la in A-6 and multiplying by K, Pvl(Vvl) + PlungllVlungl) -Pv2(Vv2) + Plung2(Vlung2) A-7
To simplify, use eqs. A-2 and A-3: '. 
